(19) 



J 



Europaisches Patentamt 
European Pat nt Office 
Office europeen d s brevets 



IlllIlllOlHIllll 

EP 0 635 994 B1 



(n) 



(12) 



(45) Date of publication and mention 
of the grant of the patent: 
23.09.1998 Bulletin 1998/39 

(21) Application number: 94305014.6 

(22) Date of filing: 07.07.1994 



EUROPEAN PATENT SPECIFICATION 

(51) intci.s; H05H 3/04, G01N 30/00 



(54) Method and apparatus for separating particles 

Verfahren und Vorrichtung zum Trennen von Teilchen 
Proced6 et appareil pour separer des particules 



(84) Designated Contracting States: 
OE FR QB 

(30) Priority: 08.07.1993 JP 169195/93 
08.07.1993 JP 169196/93 
08.07.1993 JP 169199/93 

(43) Date of publication of application: 
25.01.1995 Bulletin 1995/04 

(73) Proprietor CANON KABUSHIKI KAISHA 
Tokyo (JP) 

(72) Inventors: 

• Imasaka, Totaro, c/o Canon Kabushukl Kalsha 
Ohta-ku, Tokyo (JP) 

• Isaka, Kazuo, c/o Canon Kabushlki Kalsha 
Ohta-ku, Tokyo (JP) 

• Ohnishi, Toshikazu 
Ohta-Ku, Tokyo (JP) 

• Mlyazaki, Takeshi, c/o Canon Kabushlki Kalsha 
Ohta-ku, Tokyo (JP) 



00 

a) 
o> 

CO 

o 

Q. 

LU 



(74) Representative: 

Beresford, Keith Denis Lewis et al 

BERESFORD & Co. 

2-5 Warwick Court 

High Holborn 

London WC1R5DJ(GB) 



(56) References cited: 
EP-A- 0 556 748 
US-A-5100 627 



US-A- 4 877 721 
US-A-5 133 844 



CHEMISTRY LETTERS, no.1, January 1991, 
TOKYO JP pages 469 - 472 MISAWA H ET AL : 
'Spatial pattern formation, size selection, and 
directional flow of polymer latex particles by 
laser trapping technique' 

OPTICS LETTERS, 1 OCT. 1991, USA VOL. 16, 
NO. 19, PAGES 1463 - 1465, ISSN 0146-9592 
SASAKI K ET AL : 'Pattern formation and flow 
control of fine particles by laser-scanning 
microman Ipu lation ' 

ANALYTICAL CHEMISTRY, vol.60, no.17, 
September 1988, COLUMBUS US pages 959A - 
971 A CALDWELL K D : 'Field flow fractionation' 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to th European patent granted. Notic of opposition shall be filed in 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



PrintMbyJouve, 75001 PARIS (FH) 



1 



EP 0 635 994 B1 



2 



Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to technology for sep- 
arating particles with light, and in particular to a method 
of and an apparatus for separating dispersed particles. 

Related Background Art 

Various methods have been known for separating 
particles such as living-organism-related particles, i.e., 
cells, microorganisms, liposomes, etc. and synthetic 
particles, i.e., latex particles, gel particles, industrial par- 
ticles, etc. 

As an example, there is a report on separating par- 
ticles using so-called laser trapping, in which particles 
are confined in a space by collecting and condensing 
laser beams [H. Misawa, et al. Chem. Lett., 469(1991)]. 

The laser trapping is technology for handling the 
particles, utilizing a dynamic action of light on the parti- 
cles. When a light beam having an intensity gradient, 
such as a laser beam, is condensed and irradiated onto 
particles, two types ol forces act on the particles, i.e., a 
light pressure (a radiation pressure) acting in the irradi- 
ation direction of light beam and a force to confine the 
particles in the optical axis (i.e., a light gradient force). 
Either one of the light pressure and the light gradient 
force depends on the light intensity, an intensity distri- 
bution in the direction of the optical axis, which is a con- 
densing degree by a lens and the like, and an intensity 
distribution in the direction perpendicular to the optical 
axis. The light pressure and the light gradient force fur- 
therdepend on the refractive index, the absorption index 
(reflectance) and the size of particles. Particles can be 
trapped at an irradiated position by the action of the gra- 
dient force among the two types of forces. 

The separation of particles using the above-de- 
scribed lasertrapping is conducted as follows. Prepared 
is a group of particles consisting of a mixture of two types 
of polystyrene latex particles which are different in the 
size from each other. Laser beams are collected and 
condensed in a pattern of multiple rings by optical inter- 
ference so as to impinge upon the particles. If the diam- 
eters of the rings are changed while keeping particles 
light-trapped on associated rings, smaller particles as 
weakly trapped spring out and are removed from the 
rings, whereby only larger particles are continuously 
kept to be trapped on the rings. As a result, the larger 
particles can be selectively separated. 

SUMMARY OF THE INVENTION 

However, the above-described method is insuffi- 
cient in the separating ability, and it is difficult to sepa- 
rate, for example, three or more particle groups by the 



method. 

The present invention has been accomplished to 
overcome the problem in the above-described conven- 
tional method. The present invention is intended to pro- 

s vide a method and an apparatus achieving higher sep- 
arating ability in a simple manner. 

A method and an apparatus for separating particles, 
as set out in the preambles of the independent claims 
attached, are known from US-A-4 887 721 . Therein is 

10 disclosed an apparatus comprising a flow cell in which 
particles, dispersed in a dispersion medium, are pro- 
pelled along a flow path by irradiation from a first drive 
laser, identified using a probe laser, and deflected from 
the flow path and sorted using a second drive laser. 

'5 It is also acknowledged that US-A-5 100 627 dis- 
closes a method and apparatus in which particles, dis- 
persed in a dispersing medium, are manipulated by 
means of laser beams while trapped in enlarged vol- 
umes arranged in a flow channel of a flow cell. 

20 A method of separating dispersed particles accord- 
ing to the present invention is characterised by irradiat- 
ing the flowing particles with a substantial stripe pattern, 
the stripes of which pattern cross said flow path, so as 
to impart a braking force thereon depending in magni- 

25 tude on the type of each particle. 

An apparatus for separating dispersed particles ac- 
cording to the present invention is characterised by op- 
tical means adapted to irradiate the dispersed particles 
with a substantial stripe pattern, the stripes of which pat- 

30 tern cross said flow path, to impart a braking force to 
said particles depending in magnitude on the type of 
each particle. 

To further comprehension of the present invention, 
preferred embodiments thereof have been described in 

35 the dependent claims and will be described hereinbe- 
low, by way ol example, making reference to the accom- 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

Fig. 1 is a drawing to show a state in which light is 
irradiated onto a flow cell; 
Fig. 2 is a drawing to show the structure of a fluid 
carrier system in an apparatus in a first embodi- 
<s ment; 

Fig. 3 is a drawing to show the structure of an irra- 
diation optical system in the apparatus according to 
the embodiment; 

Fig. 4 is a drawing lo show the structure of a fluiw 
5° carrier system in a second embodiment; 

Fig. 5 is a drawing to illustrate a flowing state of fluid 
by an electroosmotic flow; 
Fig. 6 is a drawing to illustrate a flowing state of fluid 
by pressure; 

55 Fig. 7 is a drawing to show the structure of a scan- 
ning optical system in an apparatus in a third em- 
bodiment; 

Fig. 8 is a drawing to show a relation between a flow 
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cell and scaning light in a fourth embodiment; 
Fig. 9A is a drawing to show another arrangement 
of irradiation light; 

Fig 9B is a drawing to show another pattern of flow 
path; 

Fig. 1 0A is a drawing to show another arrangement 
of irradiation light; 

Fig. 1 0B is a drawing to show another pattern of flow 
path; 

Fig. 1 1 is a drawing to show the structure of a flow 
cell in a fifth embodiment; and 
Figs. 12Aand 12B are drawings to illustrate a proc- 
ess for producing the flow cell in the fifth embodi- 
ment. 



DETAILED DESCRIPTIO N OF THE PRFFFR RFn 
EMBODIMENTS " 

Embodiment 1 

The first embodiment of the present invention will 
be described with reference to the drawings. Figs. 2 and 
3 are drawings to show the overall structure of an appa- 
ratus in the present embodiment. Fig. 2 is a drawing to 
show the structure of a fluid carrier system in the appa- 
ratus of the present embodiment. In Fig. 2, the inside of 
a sample vessel 4 is charged with a particle-dispersed 
fluid 5 composed of plural (at least three) types of par- 
ticles and a dispersing medium (e.g., water). In this 
case, the particles have the specific gravity at the same 
level as that of the dispersing medium. 'Particles differ- 
ent from one another 1 in the present embodiment means 
that the particles are different from one another in either 
of (1) the size, (2) the refractive index and (3) the size 
and the refractive index. Specific examples of the parti- 
cles include living-organism-related particles such as 
cells, viruses, microorganisms, liposomes, DNAs, and 
FtNAs; synthetic particles such as latex particles, gel 
particles, industrial particles, and micelles; foreign par- 
ticles such as dust; and soil particles. 

A vessel 6 is charged with a dispersing medium 7 
(for example, an aqueous solvent such as a buffer so- 
lution or an organic solvent such as ethanol). Tubes 8 
and 9 are inserted into the sample vessel 4 and into the 
vessel 6, respectively, and these tubes are connected 
to a flow path 1 1 through a joint valve 1 0. The flow path 

11 is connected to a flow cell 1 (supported on a stage 
1 9) made of quartz glass and the flow cell 1 is connected 
to an exhaust chamber 12. The inside of the exhaust 
chamber 12 is kept hermetic by closing a valve 13 A 
separation vessel 1 4 is provided in the exhaust chamber 

12 and a liquid flowing through the flow path is received 
m the separation vessel 14. In this arrangement, a suc- 
tion pump 15 is activated to make the inside pressure 
in the exhaust chamber low so that a flow of the dispers- 
ing medium containing the particles can be formed in 
the flow cell 1. Particle measuring means 16, mploying 
an optical (detection of scattered light and detection of 



fluorescence), electrical, magnetic or acousto-optic de- 
tection technique is provided downstream the flow cell 1 . 

Fig. 3 is a drawing to show the structure of an irra- 
diation optical system in the apparatus in the present 
5 embodiment. In Fig. 3, reference numeral 20 denotes a 
light source. The wavelength of the light source 20 is 
preferably in the wavelength range in which light absorp- 
tion is little by the particles, for example, in the wave- 
length range in which damage due to the light irradiation 
»° is minimum (as in the near infrared to infrared range) in 
case of living-organism-related particles such as cells 
Specifically, a light source of TEM00 mode (Gaussian 
beam) laser, e g., a solid laser such as YAG laser, a gas 
laser such as Ar* laser or a semiconductor laser, may 
'« be used. Further, any light source other than the'laser 
light source may be used so long as it can produce light 
having the intensity gradient. 

A light beam 22 emitted from the light source 20 is 
expanded by a beam expander 21 and then divided into 
20 two by a polarization beam splitter 23. The two divided 
beams 24 and 25 are made back to the polarization 
beam splitter 23 by a reflection optical system com- 
posed of a quarter wave plate 26 and a reflecting mirror 
27 arranged perpendicular to the optical axis and by a 
& reflection optical system composed of a quarter wave 
plate 28 and a reflecting mirror 29 slightly inclined from 
a plane perpendicular to the optical axis, respectively. 
The twobeams are mixed by the beam splitter23to form 
interfering light 30. Because the reflecting mirror 29 is 
30 slightly inclined, the interfering light 30 forms linear in- 
terference fringes repeating bright and dark portions at 
equal intervals. These bright and dark portions in the 
interference fringes have an intensity distribution in a 
shape of sinusoidal wave. Further, the pitch and the di- 
ss rection of the bright and dark portions in the interference 
fringes can be controlled by adjusting the inclination an- 
gle and the inclined direction of the reflecting mirror 29. 

The thus obtained interfering light 30 is irradiated 
through a lens system 31 onto the flow path in the flow 
■«> cell 1 . Fig. 1 is a drawing to show a state in which the 
flow cell 1 is irradiated with the light. The interfering light 
is so irradiated that the stripe-pattern interference fring- 
es 3 cross the linear flow path 2. In the present embod- 
iment, the angle made by the flow path and the interfer- 
es ence fringes is 90°, but the angle is by no means re- 
stricted to 90° The angle may be changed by inclining 
the flow cell 1 by the stage 1 9. 

The apparatus of the present embodiment is so ar- 
ranged that the irradiation intensity ol the interfering 
50 light, which is emitted from the light source to impinge 
on the irradiation position, can be adjusted in order to 
set a threshold for separating the particles in accord- 
ance with the size or the refractive index. Specific ex- 
amples of the adjustment may include (1 ) adjustment of 
55 the emission intensity of light from the light source, (2) 
adjustment of the irradiation amount by setting a mod- 
ulating element or a filter in the optical path and (3) ad- 
justment of the substantial irradiation amount by con- 
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trolling an expansion rate of the lens system or the beam 
expander. Further, the threshold for separation of parti- 
cles may be changed by controlling the wavelength of 
the interfering light. 

Furthermore, the threshold or the separation reso- 
lution can also be set by adjusting the pitch of the bright 
and dark portions in the interference fringes by the in- 
terfering light. Specific examples of this adjustment may 
include (1 ) adjustment of the inclination angle of the re- 
flecting mirror 29 and (2) changing of the incident angle 
of the irradiation light onto the flow cell 1 by the stage 19. 

As described above, the separating conditions can 
be changed simply by varying the irradiation conditions 
of light, whereby the method and the apparatus of the 
present embodiment can flexibly be applied to separa- 
tions of various types of particles. 

The optical arrangement for forming the interfer- 
ence fringes is not limited to that as shown in Fig. 3. 
Many variations can be conceivable. For example, it is 
possible that a beam from the light source is made ob- 
liquely incident onto a half mirror and that two branched 
beams are guided through different paths by respective 
mirrors and mixed to interfere with each other at the ir- 
radiated position . Anoth er possible arrangement is such 
that a beam from the light source is made incident onto 
a grating and that plural diffraction beams generated 
thereby (for example, + first order light and - first order 
light) are guided through different paths by respective 
mirrors and mixed to interfere with each other at the ir- 
radiated position. 

Further, interfering light to form interference fringes 
in a pattern of concentric circles may be used in addition 
to the interfering light to form interference fringes in a 
pattern of stripes. The interfering light of a pattern of 
concentric circles may be the Newton's rings or one ob- 
tained by arranging the reflecting mirror 29 as a convex 
mirror or a concave mirror. 

Next described is the operation of the apparatus in 
the present embodiment. In Fig. 2, the joint valve 10 is 
turned to the tube 8 side and the particle-dispersed fluid 
in the sample vessel 4 is let to flow a little into the flow 
path 1 1 . Then, the joint valve is changed over to the tube 
9 side to let only the dispersing medium flow. As a result, 
the particles can flow on the flow of dispersing medium 
in the flow cell 1. At the irradiated position of the inter- 
fering light, a greater acting force (braking force) is ex- 
erted on particles having larger particle sizes (or larger 
refractive indices) as compared with particles having 
smaller particle sizes (or smaller refractive indices). 
Each of particles receives the braking force due to the 
light gradient force whenever it crosses a stripe in the 
interference fringes. Since the particles cross many in- 
terference fringes, the apparatus has an excellent sep- 
aration ability. Accordingly, the particles receiving small- 
er braking forces pass through the irradiated position 
more rapidly, whereby the particles can be separated to 
flow in the order from the particles receiving smaller 
braking forces to the particles receiving greater braking 



forces 

The particles separated tofloware measured by the 
measuring means 1 6 and then received in a separation 
vessel 14. By changing the separation vessel 14 with 
s another at an appropriate timing, the particles can be 
separately received every separated group of particles. 

Embodiment 2 

10 Next described is the second embodiment in which 
the fluid carrier system is different from that in the first 
embodiment. This embodiment is characterized in that 
an electroosmotic flow is utilized for transporting the flu- 
id. Before describing this embodiment, the principle of 

»5 the electroosmotic flow is explained with reference to 
Fig. 5. 

Walls in the flow path have negative electric charg- 
es fixed by ionization of silanol groups or the like. A so- 
lution in the flow path will have positive electron charges 

so equivalent to the negative electron charges so as to neu- 
tralize them, whereby electric double layers are formed. 
Here, if an electric field is applied to the flow path in such 
a manner that a positive electrode is placed on the up- 
stream side of the flow and a negative electrode on the 

ss downstream side of the flow, the positive electric charg- 
es receive a force because of the electric field and the 
whole solution moves toward the negative electrode. A 
velocity distribution of the electroosmotic flow in the flow 
path is almost uniform except for in the very vicinity of 

30 the electric double layers (a thickness of several tenths 
nm (several A)), as shown by the arrows in Fig. 5, which 
is close to plug flow. In case of the general method for 
transporting a liquid using water pressure, such as a 
pump, the flow velocity becomes faster as the position 

35 approaches the centre of the flow path, as shown in Fig. 
6, different 1rom plug flow. Therefore, if the particles are 
separated using the electroosmotic flow, the separation 
ability can be considerably improved, because the liquid 
will have no disturbance. 

40 Now, a fluid carrier system of the present embodi- 
ment is described with reference to Fig. 4. In Fig. 4, the 
same reference numerals as those in Fig. 2 represent 
the same constituents. Electrodes 1 00a, 1 00b and 1 00c 
are inserted into the separation vessel 14, the vessel 6 
and the sample vessel 4, respectively, and immersed in 
respective liquids in the associated vessels. Each of 
these electrodes is connected to a high-voltage DC 
power source unit 17, so that the negative electricity is 
applied to the electrode 1 00a and the positive electricity 

so is selectively applied to either electrode 100b or 100c 
through changeover of a relay 18. 

The operation of the apparatus is described below. 
First, the joint valve 1 0 is turned to the tube 8 side and 
the high-voltage DC power source unit 17 is activated, 

ss whereby the positive electricity is applied to the elec- 
trode 100c provided in the sample vessel 4 and the neg- 
ative lectricity is applied to the electrode 100aprovid d 
in the separation vessel 14. An electroosmotic flow is 
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generated by this operation in accordance with the prin- 
ciple as described above, and the particle-dispersed flu- 
id 5 in the sample vessel 4 moves through the tube 8. 
When a little amount ot the particle-dispersed fluid flows 
into the flow path 1 1 through the joint valve 1 0, the joint s 
valve 10 is changed over to the tube 9 side and the pos- 
itive electricity is applied to the electrode 100b in the 
vessel 6 through changeover of the relay 1 8. By this op- 
eration, only the dispersing medium 7 flows by the elec- 
troosmotic flow, so that the particles flow on the flow of 
dispersing medium in the flow cell 1 . 

As in the first embodiment, the flow cell 1 is irradi- 
ated with the interfering light and a greater acting force 
(e.g., a braking force) is exerted on particles having larg- 
er particle sizes (or larger refractive indices) as com- 
pared with particles having smaller particle sizes (or 
smaller refractive indices). Each of particles receives 
the braking force due to the light gradient force when- 
ever it crosses a stripe in the interference fringes. Since 
these particles cross many interference fringes, the ap- 
paratus has an excellent separation ability. Accordingly, 
the particles receiving smaller braking forces pass 
through the irradiated position more rapidly, whereby 
the particles can be separated to flow in the order from 
the particles receiving smaller braking forces to the par- 
ticles receiving greater braking forces. 

Embodiment 3. 

The third embodiment of the present invention is de- 
scribed in the following. In this embodiment, light scan 
is performed in a direction to cross the flow path in the 
flow cell of a linear pattern. 

Fig. 7 is a drawing to show the structure of a scan- 
ning optical system in the apparatus of the present em- 
bodiment. In Fig. 7, reference numeral 40 denotes a light 
source. The wavelength of the light source 40 is prefer- 
ably in the wavelength range in which light absorption 
is little by the particles, for example in the wavelength 
range in which damage due to the light irradiation is min- 
imum (as in the near infrared to infrared range) in case 
of living-organism-related particles such as cells. Spe- 
cifically, a light source of TEM00 mode (Gaussian beam) 
laser, i.e., a solid laser such as YAG laser, a gas laser 
such as Ar+ laser or a semiconductor laser, may be 
used. Further, any light source other than the laser light 
source may be used so long as it can produce light hav- 
ing the intensity gradient. 

A light beam emitted from the light source 40 is two- 
dimensionally deflected by two galvano-mirrors 41 and 
42 to impinge on the flow cell 1 through a lens system 
43, performing two-dimensional scan. It is noted that 
light-deflecting means other than the galvano-mirrors 
may be employed. For example, possible means may 
be a rotary polygon mirror, an acousto-optic element, or 
an electro-optical element. Further, the same light irra- 
diation as that described above can be effected if the 
light scan is performed while moving the flow cell. In this 



case, the two-dimensional light scanning can be 
achieved on the flow cell by combining one-directional 
light-scanning means of one galvano-mirror with flow- 
cell-moving means of the stage 19. 

The apparatus of the present embodiment is so ar- 
ranged that the irradiation intensity of the scanning light, 
which is emitted from the light source to impinge on the 
irradiation position, can be adjusted in order to set a 
threshold for separating the particles in accordance with 
the size or the refractive index. Specific examples of the 
adjustment may include (1 ) adjustment of the emission 
intensity of light from the light source, (2) adjustment of 
the irradiation amount by setting a modulating element 
or a filter in the optical path and (3) adjustment of the 
substantial irradiation amount by controlling the lens 
system. Further, the threshold for separation of particles 
may be changed by controlling the wavelength of the 
scanning light. 

Further, the threshold or the separation resolution 
can be set by adjusting the scanning pattern (the pitch 
or the scanning length) or the scanning speed through 
drive control of the scanning optical system. 

As described above, the separation conditions can 
be changed simply by changing the light irradiation con- 
ditions, whereby the present invention can flexibly be 
applied to separation of various types of particles. 

Next described is the operation of the apparatus in 
the present embodiment. The overall structure of the ap- 
paratus is the same as that shown in Fig. 2 or that shown 
in Fig. 4. Here, the operation is explained with reference 
to Fig. 2. The joint valve 10 is turned to the tube 8 side 
to let a little amount of the particle-dispersed fluid in the 
sample vessel 4 flow into the flow path 11. Then, the 
joint valve is changed over to the tube 9 side to let orily 
the dispersing medium flow. Then, the particles flow on 
the flow of the dispersing medium in the flow cell 1. At 
the irradiated position of the scanning light, a greater 
actingforce (e.g., a braking force) is exerted on particles 
having larger particle sizes (or larger refractive indices) 
than on the particles having smaller particle sizes (or 
smaller refractive indices). If the light scanning speed is 
set fully higher (for example, at least ten times higher) 
than the flowing speed of the particles through the flow 
cell, the light intensity on the scanning trace is substan- 
tially the same to the particles as that in the case where 
time-averaged steady light is irradiated. Thus, the par- 
ticles receive the braking force because of the light gra- 
dient force whenever the particles cross a stripe in the 
light scanning trace. Since the particles cross many 
stripes in the scanning trace, the apparatus can have 
an excellent separation ability. Accordingly, the particles 
receiving smaller braking forces pass through the irra- 
diated position more rapidly, whereby the particles can 
be separated to flow in the order from the particles re- 
ceiving smaller braking forces to the particles receiving 
greater braking forces. 

The particl s separated to flow are measured by the 
measuring means 1 6 and then r ceh/ed in a separation 
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vessel 14. By changing the separation vessel 14 with 
another at an appropriate timing, the particles can be 
separately received every separated group of particles. 



Embodiment 4 

The fourth embodiment of the present invention is 
next described. The present embodiment is character- 
ized in that a pattern of flow path in the flow cell is so 
arranged as to improve the separation ability for parti- 
cles. 

Fig. 8 is a drawing to show a relation.between the 
flow cell and the scanning light. The light is irradiated 
onto a flow path 61 of a folded path pattern formed in a 
flow cell 60, such that interference fringes of interfering 
light or scanning trace of scanning light crosses the flow 
as shown by reference numeral 62 in Fig. 8. Here, the 
fluid carrier system is the same as those shown in Figs. 
2 and 4 previously described. The flow cell having the 
fine flow path of such a folded path pattern can be pro- 
duced by the micromachining technology. 

According to the present embodiment, the acting 
force (e.g., a braking force) is exerted on the particles 
in plural regions along the flowing direction of the flow 
path 61, whereby separation can be effected in a high 
resolution, and, for example, at least three types of dif- 
ferent particles can be readily separated. Further, since 
the flow path in flow cell is integrated in a fine region by 
the micromachiningtechnology, a light irradiation region 
can be made small, which facilitates the designing of the 
interference optical system or the scanning optical sys- 
tem. 

Further, instead of the folded path pattern of the flow 
path in flow cell as described above, a flow path of a 
radial pattern as shown in Fig. 9B or a spiral pattern as 
shown in Fig. 1 0B may be employed, onto which the light 
is irradiated in a pattern as shown in Fig. 9A or Fig. 1 0A , 
respectively. 

Embodiment 5 

The fifth embodiment is next described. Fig. 11 is a 
drawing to show a perspective view of a flow cell used 
in the present embodiment. Reference numeral 151 rep- 
resents a lot of micro lenses formed on a substrate 150, 
and numeral 153 a flow path. The micro lenses 151 are 
formed along the flowdirection in the flow path 153. Ref- 
erence numeral 155 represents an inlet for dispersing 
medium connected to the flow path 153 and numeral 
156 an outlet for dispersing medium therefrom. 

When parallel light from an unrepresented light 
source is irradiated all over the upper surface of the flow 
cell, the irradiated light is converged by each of the micro 
lenses 1 51 at plural positions on the flow path 153. Par- 
ticles in the dispersing medium flowing in the flow path 
1 53 each receive the acting force (e.g., a braking force) 
because of the light gradient force at ach converged 
position. The particles receive different braking forces 



depending on properties of the particles (the size or the 
refractive index), which in turn causes a difference in the 
flowing speed depending on the types of particles so as 
to effect separation. 
5 Here, the pattern of the groove is not limited to the 
folded path pattern in the present embodiment, but may 
be the radial pattern or the spiral pattern as shown in 
Fig. 9Bor Fig. 10.B. 

Next described is a method for producing the above 
« flow cell. Fig. 1 2A is a drawing to show the structure of 
an upper substrate as a constituent of the flow cell. Ref- 
erence numeral 150 is a transparent glass plate in the 
thickness of 0.5 mm, in which many micro lenses 151 
are formed. Each micro lens has the diameter of 50 urn, 
'5 which is produced in such a manner that ions, for exam- 
ple, of Ti are implanted into a porous glass by the pho- 
tolysis method to form a refractive index distribution in 
the glass. 

Fig. 1 2B is a drawing to show the structure of a low- 
20 er substrate as another constituent of the flow cell. Ref- 
erence numeral 152 represents a single crystal silicon 
substrate, on which a groove 153 to be a flow path is 
formed. A method for forming the groove 153 is as fol- 
lows. The surface of the silicon substrate is coated with 
25 a photoresist by a spinner and exposure is effected by 
irradiating ultraviolet rays onto a portion to become the 
flow path, and thereafter removing the photoresist in ac- 
cordance with the pattern of the flow path. Then, the 
groove 153 having the width of 10 urn and the depth of 
so 1 0 urn is formed on the flow path portion by dry-etching 
such as the sputtering. 

The glass substrate 150 in Fig. 12A and the silicon 
substrate 1 52 in Fig. 1 2 B are overlaid precisely on each 
other such that the micro lenses match with the flow 
3S path. In this state, the lamination is placed on a heater 
and heated to 250 °C. Then, a voltage of 200 V is applied 
to the both substrates to effect anode coupling between 
them. Instead, the anode coupling may be effected sub- 
stantially at ordinary temperature by applying a voltage 
« of 1 kV to the substrates while irradiating them with the 
C0 2 laser having the power of several watts/cm 2 from 
the side of the silicon substrate so as to prevent the ions 
in the micro lenses from thermally diffusing. A flow cell 
is thus obtained by the above procedures. 
45 Here, the invention is not limited to such an arrange- 
ment that the glass plate and the single crystal silicon 
substrate are coupled to each other as describedabove. 
For example, such an arrangement may be employed 
for the flow cell that thin glass is bonded to a flow-path- 
so formed surface of single crystal silicon to form a flow cell 
and that light is converged on the flow path through a 
separately provided glass plate having micro lenses. In 
this case, the glass plate having micro lenses can be 
set on the main body of the apparatus, whereby the flow 
& cell can be advantageously provided at an inexpensive 
price. 



6 



11 



EP 0 635 994 B1 



12 



Claims 

1. A method of separating dispersed particles, which 
method comprises: 

causing particles, dispersed in a dispersing me- 
dium (5), to flow through a flow cell (1 ;60;150), 
along a flow path (2;61;153); and 
irradiating said particles, flowing through said 
flow cell, with light to separate said particles; 

characterised in that: 

the step of irradiating said particles is one of 
irradiating said particles with a substantial 
stripe pattern (3;62), the stripes of which pat- 
tern cross said flow path (2;61;153), so as to 
impart a braking force thereon depending in 
magnitude on the type of each particle. 

2. The method of claim 1 , wherein said stripe pattern 
(3;62) is formed of interference fringes. 

3. The method of claim 1 , wherein said stripe pattern 
(3;62) is formed by a repetitive scan. 

4. The method according to any preceding claim, fur- 
ther comprising measuring said particles thus sep- 
arated. 

5. The method of any preceding claim, wherein the 
particles are caused to flow by pressure. 

6. The method of any preceding claim, wherein said 
particles are caused to flow by an electroosmotic 
pressure. 



for producing interfering light to form interference 
fringes on said flow path, which interference fringes 
define said stripe pattern. 

s 9. The apparatus of claim 7, wherein said optical 
means has a scanning optical system (40-43) for 
repeatedly scanning a light beam across said flow 
path, to define said stripe pattern. 

io 10. The apparatus of claim 7, further comprising meas- 
uring means (16) for measuring the particles down- 
stream of a position where said flow path is irradi- 
ated. 

» s 11. The apparatus of any of claims 7 to 10, further com- 
prising means (12-15) for causing said particles to 
flow along said flow path under a pressure differen- 
tial. 

s0 12. Theapparatusofanyofclaims7to10,furthercom- 
prising means (17,18,100a,100b,100c) lor causing 
said particles to flow along said flow path by an elec- 
troosmotic pressure. 

25 13. The apparatus of any of claims 7 to 12, wherein said 
flow path (61,153) has a non-linear configuration. 

14. The apparatus of claim 13, wherein said flow path 
(61 ;1 53) having a non-linear configuration is folded 
30 plural times. 



Patentanspruche 

3s 1. Verfahren zum Abscheiden von dispergierten Teil- 
chen, welches Verfahren aufweist: 



7. An apparatus for separating dispersed particles, 
which apparatus comprises: 

40 

a flow cell (1 ;60;150) lor flowing particles, dis- 
persed in a dispersing medium, along a flow 
path (2;61;153); and 

optical means (20-31 ;40-43; 151) arranged for 
irradiating said particles flowing along said flow +5 
path; 

characterised in that 

said optical means is adapted to irradiate said so 
particles with a substantial stripe pattern (3;62), 
the stripes of which pattern cross said flow 
path, to impart a braking force to said particles 
depending in magnitude on the type of each 
particle. 55 

8. The apparatus of claim 7, wherein said optical 
means has an interference optical system (20-31 ) 



Strdmenlassen von in einem Dispergierungs- 

mittel (5) dispergierten Teilchen durch eine 

DurchfluBzelle (1; 60; 150) entlang eines Stro- 

mungspfads (2; 61; 153); und 

Bestrahlen der durch die DurchfluBzelle stro- 

menden Teilchen mit Licht, um die Teilchen ab- 

zuscheiden; 

dadurch gekennzeichnet, daB: 

der Schritt Bestrahlen der Teilchen einer ist, in 
dem die Teilchen mit einem im wesentlichen mit 
Streifen versehenen Muster (3; 61) bestrahlt 
werden, wobei die Streifen des Musters den 
Stromungsptad (2; 61 ; 1 53) kreuzen, um darauf 
eine Bremskraft aufzubringen, deren GroBen- 
ordnung von der Art jedes Teilchen abhangt. 

2. Verfahren nach Anspruch 1 , wobei das Streifenmu- 
ster (3; 62) aus Interferenzstreifen gebildet wird. 
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3. Veiiahren nach Anspruch 1 , wobei das Streifenmu- 
ster (3; 62) durch eine sich wiederholende Abta- 
stung gebildet wird. 

4. Verlahren nach einem der vorangegangenen An- 
spruche, ferner mit einem Messen der somit abge- 
schiedenen Teilchen. 

5. Verfahren nach einem der vorangegangenen An- 
spruche, wobei die Teilchen dazu gebracht werden, 
unter Druck zu stromen. 

6. Verlahren nach einem der vorangegangenen An- 
spruche, wobei die Teilchen dazu gebracht werden, 
unter einem elektroosmotischen Druck zu stromen. 

7. Vorrichtung zum Abscheiden dispergierter Teil- 
chen, welche Vorrichtung aufweist: 

eine DurchfluBzelle (1 ; 60; 150) zum Durchstro- 
men von in einem Dispergierungsmittel disper- 
gierten Teilchen entlang eines Strom ungspfads 
(2; 61; 153); und 

eineoptische Einrichtung (20-31; 40-43; 151), 
die zum Bestrahlen der entlang des Stro- 
mungswegs stromenden Teilchen eingerichtet 
ist; 

dadurch gekennzeichnet, daB die optische Einrich- 
tung geeignet ist, die Teilchen mit einem im wesent- 
lichen mit Streif en versehenen Muster (3; 62) zu be- 
strahlen, wobei die Streiten des Musters den Stro- 
mungspfad kreuzen, urn auf die Teilchen eine 
Bremskraft aufzubringen, deren GroGenordnung 
von der Art jedes Teilchens abhangt. 

8. Vorrichtung nach Anspruch 7, wobei die optische 
Einrichtung ein optisches Interferenzsystem 
(20-31) zur Erzeugung von Interferenzlicht hat, urn 
Interferenzstreifen an dem Stromungspfad auszu- 
bilden, welche Interferenzstreifen das Streif enmu- 
ster bestimmen. 

9. Vorrichtung nach Anspruch 7, wobei die optische 
Einrichtung ein optisches Abtastungssystem 
(40-43) zum wiederholten Abtasten eines Licht- 
strahls uber den Stromungspfad hat, urn das Strei- 
fenmuster zu bestimmen. 

10. Vorrichtung nach Anspruch 7, femer mit einer 
MefJeinrichtung (16) zum Messen der Teilchen 
stromab einer Position, in der der Stromungspfad 
bestrahrt wird. 

1 1 . Vorrichtung nach einem der Anspruche 7-10, ferner 
mit einer Einrichtung (12-15) zum Strdmenlassen 
der Teilchen entlang des Strom ungspfads unter ei- 
ner Druckdifferenz. 



12. Vorrichtung nach einem der Anspruche 7-10, ferner 
mit einer Einrichtung (17, 18, 100a, 100b, 100c) 
zum Strdmenlassen der Teilchen entlang des Strd- 
mungspfads unter einem elektroosmotischen 

5 Druck. 

13. Vorrichtung nach einem der Anspruche 7-12, wobei 
der Stromungspfad (61 ; 1 53) einen nicht geradlini- 
gen Aufbau hat. 

10 

14. Vorrichtung nach Anspruch 13, wobei der einen 
nicht geradlinigen Aufbau aufweisende Stromungs- 
pfad (61; 153) mehrmals gebogen ist. 

1£ 

Revendlcations 

1. Precede pour separer des particules dispersees, le- 
quel precede consiste : 

20 

a laire en sorte que des particules, dispersees 
dans un milieu dispersant (5), s'ecoulent a tra- 
vers une cellule d'dcoulement (1 ; 60 ; 150), le 
long d'un trajet d'ecoulement (2 ; 61 ; 153) ; et 
25 a exposera da la lumiere lesdites particules qui 

s'ecoulent a travers ladite cellule d'ecoulement 
afin de separer lesdites particules ; 



caracterise en ce que : 

30 

retape d'exposition desdites particules consis- 
te a exposer lesdites particules a un motif ayant 
sensiblement la forme de bandes (3 ; 62), les 
bandes de ce motif coupant ledit trajet d'ecou- 
35 lement (2 ; 61 ; 1 53), de f aeon a lui conf erer une 

force de f reinage dont I'intensite depend du ty- 
pe de chaque particule. 

2. Precede salon la revendication 1 , dans lequel ledit 
40 motif de bandes (3 ; 62) est forme de f ranges d'in- 

terference. 

3. Precede selon la revendication 1 , dans lequel ledit 
motif de bandes (3 ; 62) est forme par un balayage 

& repetitif. 

4. Precede selon I'une quelconque des revendications 
precfidentes, consistant en outre a mesurer lesdi- 
tes particules ainsi separees. 

so 

5. Proced6 selon I'une quelconque des revendications 
precedentes, dans lequel I'ecoulement des particu- 
les est provoque par une pression. 

ss 6. Proc6d6 selon I'une quelconque des revendications 
precedentes, dans lequel I'ecoulement desdites 
particules est provoque par une pression eiectroos- 
motique. 
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7. Appareilpourseparerdesparticulesdispersees, le- 
quel appareil comprend : 

une cellule d'ecoulement (1 ; 60 ; 1 50) pour 
I'ecoulement de particules, dispersees dans un s 
milieu dispersant, le long d'un trajet d'ecoule- 
ment (2; 61 ; 153) ; et 

des moyens optiques (20-31 ; 40-43 ; 151 ) dis- 
poses de facon a exposer lesdites particules 
s'ecoulant le long dudit trajet d'ecoulement ; io 

caract6ris6 en ce que 

lesdits moyens optiques sont concus pour ex- 
poser lesdites particules a un motif ayant sen- 15 
siblement la forme de bandes (3 ; 62), les ban- 
des de ce motif coupant ledit trajet d'ecoule- 
ment, afin de conferer auxdites particules une 
force de freinage dont I'intensite depend du ty- 
pe de chaque particule. so 

8. Appareil selon la revendication 7, dans lequel les- 
dits moyens optiques ont un systems optique d'in- 
terference (20-31) pour produire une lumiere d'in- 
terference afin de former des f ranges d'interf erence ss 
sur ledit trajet d'ecoulement, lesquelles franges 

d' interference definissent ledit motif de bandes. 

9. Appareil selon la revendication 7, dans lequel les- 
dits moyens optiques comportent un systeme opti- 30 
que de balayage (40-43) pour produire un balayage 
repete d'un faisceau lumineux transversalement 
audit trajet d'ecoulement, afin de definir ledit motif 

de bandes. 

35 

10. Appareil salon la revendication 7, comprenant en 
outre des moyens de mesure (16) pour mesurer les 
particules en aval d'une position a laquelle ledit tra- 
jet d'ecoulement est exposed 

40 

11 . Appareil selon Tune quelconque des revendications 
7 a 10, comprenant en outre des moyens (12-15) 
pour provoquer Pecoulement desdites particules le 
long dudit trajet d'ecoulement sous un d'rff6rentiel 

de pression. 45 

12. Appareil selon I'une quelconque des revendications 
7 a 10, comprenant en outre des moyens (17, 1S, 
100a, 100b, 100c) pour provoquer I'ecoulement 
desdites particules le long dudit trajet d'ecoulement 50 
au moyen d'une pression electroosmotique. 

1 3. Appareil selon I'une quelconque des revendications 
7 a 12, dans lequel ledit trajet d'ecoulement (61 ; 
153) presente une configuration non lineaire. ss 

14. Appareil selon la revendication 1 3, dans lequel ledit 
trajet d'ecoulement (61 ; 153) presentant une con- 



figuration non lineaire est replie plusieurs fois. 



9 



EP 0 635 994 B1 




10 



EP 0 635 994 B1 



FIG. 2 
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FIG. 3 
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FIG. 5 
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FIG. 6 
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FIG.? 
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FIG. 9A 
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FIG. 11 
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